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Fab1p PtdIns(3)P 5-Kinase Function Essential
for Protein Sorting in the Multivesicular Body
carboxypeptidase Y (CPY) and the type II integral mem-
brane protein carboxypeptidase S (CPS) are sorted from
the Golgi to the vacuole/lysosome via a prevacuolar
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endosome. Genetic screens have isolated .40 vacuolarUniversity of California, San Diego
protein-sorting (vps) mutants defective in this processSchool of Medicine
(Bankaitis et al., 1986; Rothman and Stevens, 1986; Rob-La Jolla, California 92093-0668
inson et al., 1988; Rothman et al., 1989). Mutations in
any of the 13 class E VPS gene products, including
Vps27p (RING-FYVE finger protein) and Vps4p (AAA-Summary
type ATPase), result in an accumulation of cargo in an
aberrant endosome-like structure termed the class ESorting of signal-transducing cell surface receptors
compartment (Piper et al., 1995; Babst et al., 1997).within multivesicular bodies (MVBs) is required for
Endocytic traffic from the plasma membrane also accu-their rapid down-regulation and degradation within ly-
mulates in the class E compartment (Davis et al., 1993;sosomes. Yeast mutants defective in late stages of
Vida and Emr, 1995), suggesting that the biosynthetictransport to the vacuole/lysosome accumulate MVBs.
and endocytic pathways to the vacuole converge at theWe demonstrate that the membrane glycoprotein car-
prevacuolar endosome. A separate pathway from theboxypeptidase S and the G protein±coupled receptor
Golgi to the vacuole transports the vacuolar membraneSte2p are targeted into the vacuole lumen, and this
protein alkaline phosphatase (ALP). In contrast with theprocess requires a subset of VPS gene products es-
CPY pathway, the ALP pathway bypasses the prevacuo-sential for normal endosome function. The PtdIns(3)P
lar endosome (Cowles et al., 1997b; Piper et al., 1997)5-kinase activity of Fab1p, which converts the product of
and is dependent upon the AP-3 adaptor protein com-the Vps34p PtdIns 3-kinase PtdIns(3)P into PtdIns(3,5)P2, plex (Cowles et al., 1997a; Stepp et al., 1997).also is required for cargo-selective sorting into the
Phosphatidylinositol (PtdIns) 3-kinases are key regu-vacuole lumen. These findings demonstrate a role for
lators of protein sorting to the vacuole/lysosome in bothphosphoinositide signaling at distinct stages of vacuo-
yeast and mammalian cells. The VPS34 gene encodeslar/lysosomal protein transport and couple PtdIns(3,5)P2 the only PtdIns 3-kinase in yeast (Schu et al., 1993), andsynthesis to regulation of MVB sorting.
in vps34ts mutant cells, missorting and secretion of CPY
correlates with rapid inactivation of PtdIns 3-kinase ac-
Introduction tivity (Stack et al., 1995). In mammalian cells, inactivation
of PtdIns 3-kinases by the fungal metabolite wortmannin
Protein transport through the secretory and endocytic causes missorting and secretion of the lysosomal hy-
pathways is mediated primarily by membrane vesicles drolase cathepsin D, enlargement of endosomal com-
(Palade, 1975). In mammalian cells, proteins are sorted partments (Brown et al., 1995; Davidson, 1995), and de-
to the lysosome from the trans±Golgi network or from the fects in the down-regulation and lysosomal transport of
plasma membrane via endocytosis. Soluble hydrolases activated PDGF receptors (Joly et al., 1995). The Golgi/
are delivered to the lumen of the lysosome, while resi- endosome±associated Vps34p PtdIns 3-kinase in yeast
dent membrane glycoproteins are delivered to the lim- synthesizes PtdIns(3)P at the cytoplasmic leaflet of the
iting membrane of this organelle. Plasma membrane membrane (Herman et al., 1991). PtdIns3(P) binds di-
proteins targeted to the lysosome to be degraded, such rectly to cysteine/histidine±rich RING-FYVE domains
as activated receptor tyrosine kinases, are sorted within contained within proteins that control vesicular trans-
endosomal multivesicular bodies (MVBs) into vesicles port in both yeast and mammalian cells (e.g., EEA1,
and tubules that invaginate from the limiting membrane Vac1p, Vps27p) (Burd and Emr, 1998; Gaullier et al.,
and bud into the lumen of this compartment (Felder et 1998; Patki et al., 1998). Thus, PtdIns(3)P binding is
al., 1990; Gruenberg and Maxfield, 1995). This process essential for the recruitment/activation of components
of down-regulation ultimately results in delivery of these in the PtdIns 3-kinase signaling cascade at unique mem-
vesicles and their contents to the hydrolytic environment brane sites.
of the lysosome following fusion of MVBs with the lyso- The polyphosphoinositide PtdIns(3,5)P2 was recently
somal membrane (Futter et al., 1996). In this manner, identified in yeast, mammalian, and plant cells (Dove et
the ªMVB-sorting pathwayº efficiently segregates mem- al., 1997; Whiteford et al., 1997). Synthesis of PtdIns
brane proteins turned over in the lysosome from proteins (3,5)P2 in yeast is dependent upon the production of
that reside in the limiting membrane of the lysosome, PtdIns(3)P by Vps34p (Dove et al., 1997). The product
as well as from proteins that recycle back to the Golgi of the FAB1 gene in yeast has recently been identified
(e.g., mannose 6-phosphate receptor) or to the plasma as the PtdIns(3)P 5-kinase that converts PtdIns(3)P into
membrane (e.g., transferrin receptor) (van Deurs et al., PtdIns(3,5)P2 (Gary et al., 1998). Although PtdIns(3,5)P2
1993; Gruenberg and Maxfield, 1995; Futter et al., 1996). appears to be widespread among eukaryotes (Dove et
In Saccharomyces cerevisiae, the soluble hydrolase al., 1997; Whiteford et al., 1997), a biological role for this
phosphoinositide has not been defined.
We show that PtdIns(3,5)P2 synthesis is essential for* To whom correspondence should be addressed (email: semr@
ucsd.edu). sorting membrane proteins into the lumen of the yeast
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vacuole. Sorting of CPS and the G protein±coupled re-
ceptor Ste2p into the vacuole lumen also requires the
function of class E Vps proteins. Transport vesicle inter-
mediates within the vacuole lumen were identified by
immunoelectron microscopy, consistent with sorting of
CPS and Ste2p into membrane invaginations at the pre-
vacuolar endosome. We propose that Fab1p regulates
vesicle formation and/or cargo selection within the en-
dosome/MVB through the formation of the second mes-
senger polyphosphoinositide, PtdIns(3,5)P2.
Results
CPS Is Sorted into the Lumen of the Vacuole
CPS was initially identified as a vacuolar hydrolase that
is synthesized as a type II integral membrane protein and
then cleaved from its transmembrane anchor by lumenal
vacuolar hydrolases encoded by PEP4 and PRB1 (Spor-
mann et al., 1992). Proteolysis was assumed to occur
after delivery of CPS to the vacuolar membrane. Consis-
tent with this, when spheroplast lysates from metaboli-
cally labeled wild-type cells were homogenized under
conditions that lyse the vacuole (and other organelles),
then subjected to differential centrifugation and immu-
noprecipitation, CPS was found in the 100,000 3 g su-
pernatant (S100) that contains soluble proteins (Figure
1A). ALP is also delivered to the vacuole as a type II
membrane protein, but is matured by PEP4-dependent
cleavage at a site near the C terminus of its lumenal
domain (Klionsky and Emr, 1989) and is found in the
13,000 3 g membrane pellet (P13) enriched for vacuole,
Figure 1. CPS and the Vacuolar Membrane Proteins ALP and Vph1pER, and plasma membranes (Figure 1A).
Are Localized on Distinct MembranesUnexpectedly, in protease-deficient (pep4D prb1D)
(A) Metabolically labeled spheroplasts of wild-type and pep4D prb1Dcells, CPS was membrane associated but did not cofrac-
cells were lysed, homogenized, and then fractionated by differentialtionate with ALP. Instead, CPS localized almost exclu-
centrifugation. Proteins were immunoprecipitated and analyzed bysively in a 100,000 3 g pellet (P100) fraction enriched
SDS-PAGE.
for membranes of the Golgi apparatus, endosomes, and (B) Spheroplasts from pep4D prb1D cells were lysed, cleared of
transport vesicles (Figure 1A). This differential mem- unbroken cells, and then loaded at the top of identical Accudenz
brane localization was also observed at steady state by gradients and centrifuged to equilibrium. Fourteen fractions were
collected from the top. The distributions of CPS, ALP, and Vph1pequilibrium density gradient analysis. CPS was found
were analyzed by SDS-PAGE and immunoblotting and were quanti-as a single peak in fraction 9, whereas the majority
tated using NIH Image 1.59.(.75%) of ALP was at the top of the gradient (Figure
1B) along with the vacuolar t-SNARE Vam3p (data not
shown). A small amount (z20%) of ALP was also located is sorted away from proteins delivered to the limiting
vacuolar membrane and targeted to a distinct mem-in a more dense region of the gradient (fraction 7) but did
not coincide with CPS. This difference in fractionation brane domain associated with the vacuole.
To monitor transport of CPS in living cells, GFP wasbetween CPS and ALP is not due to transport of each
protein via distinct pathways from the Golgi. Like CPS, fused to its N-terminal cytoplasmic domain. In wild-type
cells examined by fluorescence microscopy, GFP-CPSthe 100 kDa integral membrane subunit of the vacuolar
ATPase Vph1p is transported from the Golgi to the vacu- expressed on a high-copy (2 mm) plasmid was found
entirely within the vacuole lumen (Figure 2A). This distri-ole via the CPY pathway (Piper et al., 1997), but it was
found to cofractionate with ALP at the top of the gradient bution of GFP did not overlap with staining of the vacuo-
lar membrane by FM 4-64 (Figure 2A), a lipophilic styryl(Figure 1B). The disparate membrane distribution of CPS
versus ALP and Vph1p in protease-deficient cells is also dye that intercalates into the plasma membrane and is
delivered to the vacuole by endocytosis (Vida and Emr,not due to mislocalization of CPS to a nonvacuolar com-
partment. In preparations of intact (unlysed) vacuoles 1995). GFP fluorescence was also seen in the vacuolar
lumen in pep4D prb1D cells (Figure 2A), although a smallisolated by Ficoll density gradient floatation (Bankaitis
et al., 1986) from both wild-type and protease-deficient portion of the GFP signal could also be observed on the
vacuolar membrane in these mutant cells (see below).cells, CPS as well as ALP and Vph1p were enriched
.50-fold in the low-density vacuole fraction relative to Because CPS is synthesized as a type II integral mem-
brane protein, the GFP moiety is initially located on themarker proteins of the cytosol and other organelles (data
not shown). Together, these studies indicate that CPS cytoplasmic side of the membrane. The distribution of
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GFP fluorescence within the vacuole lumen, therefore,
indicates that the cytoplasmic and transmembrane do-
mains of CPS are transported into the lumen of the
vacuole.
Transport of GFP into the vacuole lumen is specifically
dependent upon its fusion to CPS. Dipeptidyl aminopep-
tidase B (DPAP B) is a type II membrane protein that
is delivered to the vacuole via the CPY pathway but
colocalizes with ALP and Vph1p at the vacuolar mem-
brane (Piper et al., 1997). As shown in Figure 2B, the
vacuolar membrane localization of DPAP B was not al-
tered by fusion of GFP to its N-terminal cytoplasmic
domain.
In total cell homogenates (containing lysed vacuoles)
from wild-type cells expressing GFP-CPS, an z27 kDa
protein in the S100 fraction was the predominant spe-
cies detected by differential centrifugation and immuno-
precipitation using anti-GFP antiserum (Figure 2C). The
size of this soluble protein is similar to the molecular
mass of GFP (OrmoÈ et al., 1996), which is presumably
cleaved from CPS within the vacuole lumen. In protease-
deficient (pep4D prb1D) cells, only the full-length GFP-
CPS fusion protein could be detected and was predomi-
nantly (.90%) located in the P100 fraction (Figure 2C),
similar to the distribution of CPS in pep4D prb1D cells
(Figure 1A). A small amount of full-length GFP-CPS
could be detected in the P13 fraction. This portion
(z10% of total) may result from the 5- to 7-fold higher
expression levels of GFP-CPS relative to the native CPS
protein (data not shown) and could account for the GFP
signal observed on the vacuolar membrane in protease-
deficient cells (Figure 2A).
Sorting into the Vacuole Lumen Occurs at a
Prevacuolar Endosomal Compartment and
Requires Class E Vps Protein Functions
CPS is delivered to the vacuole along the CPY pathway
via a prevacuolar endosome, whereas the AP-3-depen-
dent ALP pathway from the Golgi to the vacuole by-
passes the endosome compartment. As expected, GFP-
CPS was localized entirely within the vacuole lumen in
AP-3 mutant (apm3D) cells (Figure 3A). To determine
whether GFP-CPS could be redirected into the AP-3-
dependent ALP pathway and still be sorted into the
vacuole lumen, a 16-amino-acid region of the ALP cyto-
plasmic domain was inserted between GFP and the start
of the CPS cytoplasmic domain (Figure 3B). This region
of ALP contains an AP-3-dependent acidic/dileucine±
based sorting signal (EQTRLV) (Cowles et al., 1997b;
Vowels and Payne, 1998) that is sufficient to redirect
CPS into the ALP pathway (Cowles et al., 1997b).
GFP-A*CPS transported to the vacuole via the ALPFigure 2. GFP-CPS Is Localized within the Lumen of the Vacuole
pathway was localized predominantly on the vacuolar(A) Schematic diagram of GFP-CPS and Nomarski optics plus fluo-
membrane of wild-type cells (Figure 3C), indicating thatrescence localization of GFP-CPS and FM 4-64 in wild-type and
the fusion protein can be transported to the vacuole butpep4D prb1D cells. The vertical arrow and dashed line in the diagram
indicate the site of PEP4/PRB1-dependent cleavage of the CPS not sorted into the vacuole lumen. However, sorting of
lumenal domain from the transmembrane anchor. the fusion protein into the vacuole lumen was restored
(B) Schematic diagram of the GFP-DPAP B fusion protein and No- when GFP-A*CPS was diverted back into the CPY path-
marski optics plus fluorescence localization of GFP-DPAP B and
way in AP-3 mutant cells (Figure 3C). Thus, in order to beFM 4-64 in wild-type and pep4D prb1D cells.
sorted into the vacuole lumen, CPS must be transported(C) Metabolically labeled spheroplasts of wild-type and pep4D
from the Golgi to the vacuole along the CPY pathway,prb1D cells expressing GFP-CPS were fractionated by differential
centrifugation as described in the legend to Figure 1A. implying that CPS is initially sorted into the lumen at a
Cell
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Figure 3. GFP-CPS Must Be Transported via the CPY Pathway in
Order to Be Sorted into the Vacuole Lumen
(A) Nomarski optics and fluorescence localization of GFP-CPS and
FM 4-64 in AP-3 mutant cells (apm3D) in which the medium subunit
of the AP-3 complex has been deleted.
(B) Schematic diagram of the GFP-A*CPS in which the 16 N-terminal
amino acids of the ALP cytoplasmic domain were inserted between
GFP and the start of the CPS cytoplasmic domain. This region of
the ALP cytoplasmic domain has an acidic/dileucine±based sorting
signal (underlined) that mediates AP-3-dependent transport to the
vacuole.
(C) Nomarski optics and fluorescence localization of GFP-A*CPS
and FM 4-64 in wild-type and apm3D cells. At regions where the
vacuolar membrane overlaps itself, the fluorescence signal is brighter.
prevacuolar compartment along this route. Interestingly,
unlike GFP-ALP (Cowles et al., 1997a), GFP-A*CPS does
not accumulate in vesicles and tubules in AP-3 mutant
cells, which may reflect the presence of sorting informa-
tion in CPS (but not ALP) that mediates efficient entry
into the CPY pathway.
Transport through the prevacuolar endosome requires
the function of class E Vps proteins, as both biosynthetic
traffic along the CPY pathway and endocytic traffic from
the plasma membrane accumulate in the prevacuolar
endosome (the class E compartment) in class E vps Figure 4. Class E Vps Proteins Are Required for Localization of GFP-
CPS and a Ste2p-GFP Fusion Protein to the Vacuole Lumenmutant cells (Raymond et al., 1992; Davis et al., 1993;
(A and B) Nomarski optics and fluorescence localization of GFP-Vida and Emr, 1995; Rieder et al., 1996). As expected,
CPS (A) or Ste2p-GFP (B) with FM 4-64 in vps4D and vps27D cells.GFP-CPS colocalized with FM 4-64 in the class E com-
Class E compartments are indicated by arrowheads.
partment in vps4D and vps27D cells (Figure 4A), as well C) High-magnification images showing the cupped cisternal struc-
as in all other class E vps mutant cells (Table 1). A sig- tures of the class E compartment in vps4D cells. m, mitochondrion.
Bar, 0.2 mm.nificant fraction of GFP-CPS also colocalized with FM
PtdIns(3)P 5-Kinase Activity and MVB Sorting
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Table 1. Localization of GFP-CPS, Ste2p-GFP, and FM 4-64 in Wild-Type and the 13 Class E vps Mutants and Mammalian Homologs
of Class E VPS Gene Productsa
Fluorescence Localizationm
Class E Gene Product Mammalian
vps Mutant (no. of aa)l GFP-CPS Ste2p-GFP FM 4-64 Homolog Reference
wild-type VL VL VM Ð
vps2 E 1 VM E E 1 VM Ð
vps4 437 E 1 VM E E 1 VM SKD1 b, c
vps20 E 1 VM E E 1 VM Ð
vps22 E 1 VM E E 1 VM Ð
vps23 385 E 1 VM E E 1 VM TSG101 d, e
vps24 224 E 1 VM E E 1 VM AA167070 f, g
vps25 E 1 VM E E 1 VM Ð
vps27 621 E 1 VM E E 1 VM HRS h, i
vps28 242 E 1 VM E E 1 VM N42766 j, g
vps31 844 E 1 VM E E 1 VM Ð d
vps32 240 E 1 VM E E 1 VM AA770645 f, g
vps36 566 E 1 VM E E 1 VM Ð k
vps37 E 1 VM E E 1 VM Ð
a Some of the above VPS genes are known by other names, including VPS2 (REN1, GRD7), VPS4 (END13, GRD13), VPS27 (GRD11), VPS32(SNF7),
and VPS36(GRD12).
b Babst et al. (1997).
c Perier et al. (1994).
d Unpublished (M. Babst, E. Estepa, and S.D. Emr).
e Li and Cohen (1996).
f Babst et al. (1998).
g Human EST database.
h Piper et al. (1995).
i Komada and Kitamura (1994).
j Rieder et al. (1996).
k Luo and Chang (1997).
l Number of amino acid residues.
m VL, vacuole lumen; VM, vacuole membrane; E, class E compartment.
4-64 at the vacuolar membrane in all class E vps mutant membrane or within the lumen. Instead, a low level of
GFP fluorescence was observed in the cytoplasm (Fig-cells (Figure 4A and Table 1), consistent with previous
observations indicating that mutations in class E VPS ure 4B). Whereas CPS has a short 19-amino-acid N-ter-
minal cytoplasmic domain, the C-terminal cytoplasmicgenes do not completely block vacuolar delivery but
instead result in inefficient transport out of the endo- domain of Ste2p to which GFP is attached consists of
134 amino acids. Thus, the absence of fluorescence atsome (Piper et al., 1995; Babst et al., 1997). However,
the observation that GFP-CPS is on the limiting mem- the vacuole may result from cleavage of the GFP moiety
from the Ste2p cytoplasmic domain, which may be morebrane of the vacuole in class E vps mutant cells indicates
that sorting of GFP-CPS into the lumen requires class susceptible to proteolysis.
E Vps protein function. Interestingly, the endosomal
membranes in class E vps mutant cells accumulate as
stacks of curved cisternae that resemble the Golgi com- Transport Vesicles Deliver GFP-CPS
into the Vacuole Lumenplex (Figure 4C), yet class E vps mutants do not exhibit
defects in protein secretion (Robinson et al., 1988; Ray- The observations described above suggest that mem-
brane proteins targeted to the vacuole lumen are sortedmond et al., 1992).
By analogy to down-regulation of ligand-activated re- within a prevacuolar endosome (MVB) into vesicles and/
or tubules that invaginate and bud into the interior ofceptors in mammalian cells, the G protein±coupled pher-
omone receptor Ste2p binds a factor at the cell surface, this compartment. In mammalian cells, MVBs fuse di-
rectly with the lysosomal membrane (Futter et al., 1996).activating a MAP kinase signaling cascade. The receptor
is then phosphorylated and ubiquitinated, resulting in Fusion of MVBs with the limiting membrane of the vacu-
ole should release vesicles loaded with cargo into theits rapid endocytosis and delivery to the vacuole where
it is degraded (Sprague and Thorner, 1992; Hicke, 1997). lumen of this organelle. Recent studies have revealed
such a population of vesicles within the vacuole lumenLike GFP-CPS, a Ste2p-GFP fusion protein (in which
GFP is appended to the C-terminal cytoplasmic domain of vma4D cells (Wurmser and Emr, 1998) in which the
soluble 27 kDa subunit of the vacuolar ATPase has beenof the receptor) was found within the vacuole lumen in
wild-type cells (Figure 4B). Ste2p-GFP also accumulated deleted (Morano and Klionsky, 1994). Reduced activity
of the vacuolar H1-translocating ATPase results in vacu-in the class E compartment in vps4D and vps27D mutant
cells (Figure 4B), as well as in all other class E vps mutant oles that are transparent when examined by electron
microscopy (Figure 5A) instead of vacuoles that are elec-cells (Table 1). However, unlike GFP-CPS, virtually no
Ste2p-GFP fluorescence could be detected at the vacu- tron dense, as seen in wild-type cells. vma4D cells also
exhibit reduced vacuolar hydrolase activity (Morano andole in class E vps mutant cells, either on the limiting
Cell
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Figure 5. Immunolocalization of GFP-CPS on Intravacuolar Vesicles
(A) Transmission electron microscopy of vma4D cells showing electron-transparent vacuoles containing intravacuolar vesicles. Bar, 0.5 mm.
A higher magnification of these vesicles (arrowheads) is shown in the inset (bar, 0.1 mm). v, vacuole lumen; n, nucleus.
(B and C) Frozen thin sections of vma4D cells expressing GFP-CPS visualized using anti-GFP antibody conjugated to 5 nm gold. Arrowheads
show gold labeling of intravacuolar vesicles in the vacuole lumen (v), which clearly show a limiting membrane. Bar, 0.1 mm. The insets in (C)
show a higher magnification of these vesicles (bar, 0.05 mm). vm, perimeter vacuolar membrane; pm, plasma membrane.
(D) Frozen thin sections of vma4D cells expressing GFP-ALP visualized as described in (B) and (C). The gold labeling (arrowheads) is restricted
to the perimeter vacuolar membrane (vm), whereas intravacuolar vesicles in the vacuole lumen (v) are not labeled. Bar, 0.1 mm.
Klionsky, 1994), which may partially stabilize the intrava- The intravacuolar vesicles in vma4D cells are uni-
formly sized (40±50 nm in diameter) and have a singlecuolar vesicles from being rapidly degraded. To test
whether these vesicles are transport intermediates that limiting membrane (Figure 5A, inset). In cryosections of
vma4D cells expressing GFP-CPS, these vesicles werecarry CPS into the vacuole lumen, the localization of
GFP-CPS was examined by immunoelectron microscopy. labeled with anti-GFP antibody conjugated to 5 nm di-
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to be required for the production of PtdIns(3,5)P2 (Gary
et al., 1998). fab1D cells are temperature sensitive for
growth and contain very large vacuoles that occupy
z70% of the total cell volume (Yamamoto et al., 1995;
Gary et al., 1998). Nevertheless, Fab1p is not required
for vacuolar delivery of multiple hydrolases, including
CPS, CPY, and ALP (Yamamoto et al., 1995; Gary et al.,
1998). Thus, there is no general requirement for PtdIns
(3,5)P2 synthesis in membrane trafficking to the vacuole.
Interestingly, when GFP-CPS was examined in fab1D
cells, fluorescence was localized almost exclusively on
the limiting vacuolar membrane (Figure 6B). Because
Fab1p is a lipid kinase, its role in sorting CPS to the
vacuole lumen was addressed in cells expressing mu-
tant Fab1 proteins containing substitutions of highly
conserved amino acids in the kinase domain. Recent
studies showed that alteration of Asp-2134 in Fab1p to
Arg results in undetectable levels of cellular PtdIns(3,5)P2,
whereas substitution of valine residues for Gly-2042 and
Gly-2045 results in PtdIns(3,5)P2 levels that were dra-
matically reduced (z10% of normal) but still detectable
(Figure 6A) (Gary et al., 1998). A striking correlation was
found between the distribution of GFP-CPS and these
previously observed defects in PtdIns(3,5)P2 production.
GFP-CPS was localized to the limiting vacuolar mem-
brane in cells expressing Fab1pD2134R, indistinguishable
from its distribution in fab1D cells, whereas in cells ex-
pressing Fab1pG2042V, G2045V, fluorescence was found en-
tirely within the vacuole lumen (Figure 6B). Importantly,Figure 6. PtdIns(3)P 5-Kinase Activity of Fab1p Is Essential for Sort-
cells expressing Fab1pG2042V, G2045V still exhibit dramati-ing GFP-CPS into the Vacuole Lumen
cally enlarged vacuoles, excluding the possibility that(A) Schematic diagram of Fab1p (2279 amino acids), showing the
the sorting of GFP-CPS into the lumen is affected byFYVE domain at the N terminus (amino acids 237±299) and the
kinase domain at the C terminus (amino acids 2022±2263). Also vacuole size. Because transport of multiple proteins (in-
shown are the relative levels of PtdIns(3,5)P2 produced in wild-type cluding GFP-CPS) to the vacuole does not require Fab1p
cells and in fab1D cells expressing mutant Fab1 proteins (Gary et kinase activity (Gary et al., 1998), these data suggest
al., 1998). that protein sorting into the vacuole lumen via the MVB
(B) Nomarski optics and fluorescence localization of GFP-CPS and
pathway specifically requires PtdIns(3,5)P2 synthesis.FM 4-64 in fab1D cells and in fab1D cells expressing Fab1pD2134R
and Fab1pG2042V, G2045V.
Discussion
ameter gold, while much less gold labeled the limiting
We have shown that mutants defective in Fab1pmembrane of the vacuole (Figures 5B and 5C). In con-
PtdIns(3)P 5-kinase activity do not properly sort the inte-trast, gold labeling was predominantly seen on the lim-
gral membrane protein CPS into the lumen of the vacu-iting vacuolar membrane in cells expressing GFP-ALP
ole. Our results are most consistent with sorting of CPS(Figure 5D). A quantitative comparison indicated that
at a prevacuolar endosome into membrane vesicles that
.85% of the gold-labeled antibody was localized on
invaginate and bud into the endosome (MVB). Usingintravacuolar vesicles in cells expressing GFP-CPS. In
immunoelectron microscopy, we have identified mem-contrast, ,10% of the gold was distributed on intra-
brane vesicles as CPS transport intermediates that arevacuolar vesicles in cells expressing GFP-ALP, with
delivered into the lumen of the vacuole. A subgroup of
.90% labeling the limiting vacuolar membrane. These
proteins that regulate endosome function, the class Eintravacuolar vesicles, therefore, are intermediates in
VPS gene products, also were found to be required forthe sorting of CPS to the vacuole lumen.
proper sorting of CPS into the vacuole lumen, as well as
for sorting of the G protein±coupled pheromone receptorThe PtdIns(3)P 5-Kinase Activity of Fab1p
Ste2p into the vacuole where it is degraded. Based onIs Essential for Sorting GFP-CPS
these observations, we propose that Fab1p, through for-into the Vacuole Lumen
mation of the polyphosphoinositide PtdIns(3,5)P2, regu-Like vma4D cells, fab1D cells exhibit electron-transpar-
lates sorting of membrane protein cargo into the vacuoleent vacuoles due to defects in acidification; however,
lumen via endosomal MVBs.the number of intravacuolar vesicles seen by electron
microscopy is dramatically reduced (Gary et al., 1998).
Fab1p is a 257 kDa protein that contains at its N terminus Phosphoinositide Signaling in Membrane Trafficking
The finding that the PtdIns(3)P 5-kinase activity of Fab1pa RING-FYVE domain and at its C terminus a PtdInsP
kinase domain (Figure 6A) and has recently been shown is required for sorting within MVBs provides significant
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insight into the role of phosphoinositides in the regula-
tion of protein trafficking. Phosphoinositides function as
regulators of diverse pathways, including growth factor
signaling cascades, actin cytoskeleton organization,
and vesicular transport, and at least six phosphoinosi-
tide stereoisomers have been identified as products of
phosphorylation of PtdIns at different positions and dif-
ferent combinations of positions of the inositol ring (De-
camilli et al., 1996; Toker and Cantley, 1997). PtdIns(3)P,
the substrate for PtdIns(3,5)P2 synthesis (Dove et al.,
1997), is synthesized in the cytoplasmic leaflet of the
membrane by the Golgi/endosome±associated Vps34p
PtdIns 3-kinase (Herman et al., 1991). PtdIns(3)P recruits
and/or activates effector proteins that control vesicular
transport along the CPY pathway, such as Vac1p and
Vps27p, by binding directly to the cysteine/histidine±
rich FYVE domains contained within these proteins
(Burd and Emr, 1998).
Our findings suggest that PtdIns(3,5)P2 synthesis is
essential for sorting via the MVB pathway. Nevertheless,
Fab1p kinase activity is not required for biosynthetic
transport to the vacuole (Gary et al., 1998). Thus, at least
two steps in vesicular transport are regulated by 39-phos-
phoinositides (Figure 7A). PtdIns(3)P is required early as
a regulator of vesicle docking/fusion at the endosome,
whereas PtdIns(3,5)P2 functions at a subsequent step to
regulate protein sorting by MVBs, possibly by recruiting
effector proteins to the endosomal membrane. Interest-
ingly, the localization of Ste2p-GFP in the vacuole lumen
is only weakly affected in fab1 mutant cells (our unpub- Figure 7. Model for the MVB-Sorting Pathway and Its Regulation
lished observations). This may indicate (1) the existence by Phosphoinositides
of an alternative pathway for lumenal segregation of (A) Schematic diagram depicting a model for PtdIns(3)P and
PtdIns(3,5)P2 regulation of distinct steps in protein sorting to theproteins internalized from the plasma membrane, possi-
vacuole. PtdIns(3)P is required for Golgi-to-endosome transport andbly within an earlier endosomal compartment, or (2)
has been shown to bind FYVE domains contained within effectorFab1p kinase activity may increase the efficiency of the
proteins that control membrane trafficking (Burd and Emr, 1998).MVB-sorting pathway or regulate the selective packag-
The requirement for Fab1p kinase activity for sorting into the vacuole
ing of cargo into the MVB. CPS absolutely requires Fab1 lumen suggests that PtdIns(3,5)P2 synthesis is essential for sorting
PtdIns(3)P 5-kinase activity for its sorting into the MVB, via the MVB pathway. Similar to PtdIns(3)P, PtdIns(3,5)P2 may re-
cruit/activate effector proteins that control MVB sorting.while Ste2p does not.
(B) Schematic diagram of MVB pathway. Stages involved in MVBThe enlarged vacuoles observed in fab1 mutant cells
sorting (see Discussion) are in italics. CPS and DPAP B are trans-could result directly from defects in the MVB pathway.
ported to the endosome from the Golgi, whereas Ste2p is endocy-fab1 mutants exhibit a dramatic reduction in the number
tosed from the plasma membrane. Proteolytic maturation of CPS is
of vesicles within the vacuole lumen (Gary et al., 1998). depicted in the vacuole (solid vertical arrow). The absence of lumenal
Reduced vesicle invagination at the endosome may contri- vesicles in class E vps mutant cells and the localization of class E
Vps proteins at the endosome indicates that these proteins functionbute to the amount of membrane delivered to the outer,
in MVB formation and/or maturation.limiting membrane of the vacuole. However, the forma-
tion of enlarged vacuoles may not be due exclusively
to defects in MVB function, because fab1 mutant cells
seen within MVBs that accumulate in several late-actingthat produce 10% of the normal levels of PtdIns(3,5)P2
vps mutant cells that block fusion of transport intermedi-have enlarged vacuoles, yet properly localize GFP-CPS
ates with the vacuole (Cowles et al., 1997b; Darsow etinto the vacuole lumen. Fab1p may, therefore, have a
al., 1997; Rieder and Emr, 1997; Sato et al., 1998). Ourdual role in regulation of both the MVB-sorting pathway
observations strongly suggest that these vesicles areand the recycling of membrane from the vacuole surface
formed by membrane invagination at a prevacuolar en-to a compartment located earlier in the secretory pathway.
dosome (MVB). Transport of GFP-A*CPS from the Golgi
to the vacuole via the ALP pathway (which bypasses
the endosome) resulted in localization of the fusion pro-Class E Vps Protein Function and MVB Sorting
The 40±50 nm diameter vesicles that accumulate within tein at the limiting membrane of the vacuole (Figure 3).
Furthermore, sorting of GFP-CPS into the vacuole lumenthe vacuole lumen of vma4D cells were shown by immu-
noelectron microscopy to contain GFP-CPS (Figure 5). requires class E VPS gene products, a set of 13 proteins
that regulate traffic through the endosome (Table 1).Importantly, GFP-ALP does not localize to this vesicle
population but is instead restricted to the limiting vacuo- Several of the class E Vps proteins have been shown
to associate directly with the prevacuolar endosome,lar membrane. These vesicles are very similar to those
PtdIns(3)P 5-Kinase Activity and MVB Sorting
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including Vps27p (Piper et al., 1995), Vps4p, Vps24p, and may be stimulated by the production of PtdIns(3,5)P2
and Vps32p (Babst et al., 1998). Ste2p-GFP could not in the cytoplasmic leaflet of the membrane. One possibil-
be detected at either the vacuolar membrane or within ity is that localized production of PtdIns(3,5)P2 recruits
the vacuole lumen in class E vps mutant cells, presum- or activates class E Vps proteins from the cytoplasm
ably because of increased sensitivity of the Ste2p cyto- to drive vesicle formation. However, Fab1p can not be
plasmic domain to proteolysis. However, it is likely that absolutely required for class E Vps protein function.
class E Vps protein function is also required for delivery Protein transport to the vacuole is not blocked in fab1
of Ste2p to the vacuole lumen via the MVB pathway. In mutant cells, whereas class E vps mutant cells exhibit
class E vps mutant cells, vesicles are not seen within E defects in vacuolar delivery of both biosynthetic and
compartments observed by electron microscopy (Figure endocytic traffic. Thus, in fab1 mutant cells, class E Vps
4C), nor are such vesicles seen in serial sections of E proteins presumably mediate protein transport to the
compartment membranes (Rieder et al., 1996). In addi- vacuole, although their role in sorting within MVBs may
tion, the intravacuolar vesicles that are seen in abun- be compromised.
dance in vma4D cells are completely absent in vma4D Cargo Selection
cells that also have mutations in class E VPS genes (B. Sorting of cargo proteins into the interior vesicles of
Wendland and S. D. Emr, personal communication). A MVBs (stage 2, Figure 7B) is likely to be highly selective
block in MVB vesicle formation may at least partially (Gruenberg and Maxfield, 1995). This has been most
underlie the altered endosomal morphology observed clearly demonstrated for a mutant EGF receptor that
in class E vps mutant cells (Rieder et al., 1996; Babst
lacks tyrosine kinase activity and is no longer sorted
et al., 1997).
into the internal vesicles of MVBs (Felder et al., 1990).
Together, these data suggest that class E Vps proteins
The weak effect of mutations in FAB1 on Ste2p-GFPplay a key role in the formation of intralumenal vesicles
localization in the vacuole suggests a role for Fab1pwithin MVBs. If, as discussed above, alternative MVB
in cargo-selective sorting (see above). MVBs may alsopathways exist for biosynthetic (CPS) and endocytic
selectively incorporate lipid cargo such as PtdIns(3)P(Ste2p) cargos, the results in class E vps mutant cells
into lumenal vesicles during their formation, therebyindicate that both MVB-sorting paths require class E Vps
serving a key regulatory role in phosphoinositide signal-protein functions. Studies in both yeast and mammalian
ing/turnover (Wurmser and Emr, 1998). Enrichment ofcells have highlighted the importance of the MVB-sort-
another lipid, lysobisphosphatidic acid (LBPA), on inter-ing pathway in receptor signaling. The defect in down-
nal membranes of MVBs in mammalian cells has recentlyregulation/MVB sorting in class E vps mutants results
been demonstrated (Kobayashi et al., 1998). LBPA isin accumulation of functional pheromone receptors at
structurally unrelated to phosphoinositides, and its rolethe plasma membrane (Davis et al., 1993). It has been
in MVB formation and function is not yet known. How-proposed that this is due to recycling of receptors from
ever, antibodies against LBPA alter late endosomal mor-the endosome back to the cell surface. This is consistent
phology and selectively disrupt recycling of the man-with the observed endosome to cell surface recycling
nose 6-phosphate receptor to the trans±Golgi network,of kinase-defective EGF receptors that are not sorted
into the internal vesicles of MVBs in mammalian cells indicating that protein sorting within MVBs can be dra-
(Felder et al., 1990). matically affected by changes in lipid composition (Ko-
Several mammalian homologs have been identified bayashi et al., 1998).
for class E Vps proteins (Table 1), suggesting that protein Vesicle Budding/Fission
sorting within endosomes (and possibly also within Vesicles must pinch off from the limiting membrane of
MVBs) is mechanistically conserved. Of particular inter- the endosome and bud into the lumen (stage 3, Figure
est is the mammalian homolog of the product of the 7B). This process requires the function of class E Vps
VPS23 gene, the tumor susceptibility gene TSG101, proteins, as (a) transport of cargo into the vacuole lumen
which upon loss of function leads to cell transformation is completely blocked in all class E vps mutants (Table
(Li and Cohen, 1996). Endosome function and receptor 1), (b) vesicles are not seen in the E compartment or
down-regulation, therefore, may play a role in tumor vacuoles of any of the class E vps mutants, and (c) class
progression. E Vps proteins localize to the endosomal membrane.
Membrane Recycling/MVB Maturation
The MVB-Sorting Pathway
Membrane proteins such as the CPY sorting receptor
Previous studies showed that CPS is delivered from
in yeast and the mannose 6-phosphate and transferrinthe Golgi to the vacuole via the prevacuolar endosome
receptors in mammalian cells are progressively removed(Cowles et al., 1997b). We now show that transport
from the outer, limiting membrane (stage 4, Figure 7B) asthrough the endosome (MVB) is essential for sorting
MVBs mature and become densely packed with internalCPS into the vacuole lumen. Our observations in yeast
vesicles (Futter et al., 1996). In this manner, such mem-together with previous studies in mammalian cells (Gruen-
brane proteins may continuously recycle through endo-berg et al., 1989; Felder et al., 1990; Stoorvogel et al.,
somes without being delivered to the lysosome/vacuole.1991; van Deurs et al., 1993; Futter et al., 1996) suggest
MVB Docking/Fusionthat the MVB-sorting pathway can be divided into at
Mature MVBs loaded with internal vesicles fuse directlyleast six distinct stages, listed below.
with lysosomes (Futter et al., 1996). In yeast, dockingVesicle Invagination
and fusion of MVBs with the vacuolar membrane (stageDeformation and invagination of the limiting membrane
5, Figure 7B) is likely to be dependent upon machineryof the endosome (stage 1, Figure 7B) is presumably cata-
lyzed by protein machinery residing in the cytoplasm comprised of the vacuolar t-SNARE complex composed
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Differential Centrifugation and Immunoprecipitationof Vam3p and Vam7p, as both vam3ts and vam7ts mu-
Ten A600 units of wild-type and pep4D prb1D cells grown at 308Ctants accumulate MVBs when shifted to the nonpermis-
to mid-logarithmic phase in synthetic dextrose (SD) medium weresive temperature (Darsow et al., 1997; Sato et al., 1998).
harvested by centrifugation at 500 3 g and resuspended in 2 ml of
Vesicle Turnover SD medium. One hundred microcuries of Tran35S-label (ICN Bio-
Lipases and proteases within the vacuole/lysosome de- chemicals) was added, and cells were shaken for 15 min at 308C.
Labeling of newly synthesized proteins was terminated by addinggrade the vesicles and their contents (stage 6, Figure
5 mM methionine, 1 mM cysteine, and 0.2% yeast extract, and7B). This process provides an efficient mechanism for
cultures were shaken for an additional 45 min at 308C. Two millilitersthe turnover/down-regulation of activated cell-surface
of 50 mM Tris (pH 7.5), 40 mM NaF, 40 mM NaN3, 2 M sorbitol, andreceptor tyrosine kinases and G protein±coupled recep-
20 mM dithiothreitol was added, and cells were incubated on ice
tors that recruit and/or activate cytosolic signaling mole- for 10 min. Afterward, 100 mg Zymolyase 100-T (Seikagaku Kogyo
cules. Complete inactivation of these signal transduc- Co.) was added, and cells were converted to spheroplasts at 308C
for 30 min and then harvested by centrifugation at 500 3 g. Sphero-tion pathways may only be achieved by sequestering
plasts were resuspended gently in 2 ml of ice-cold lysis buffer con-the cytoplasmic domains of these receptors into the
sisting of 0.2 M sorbitol, 50 mM Tris-HCl (pH 7.5), 1 mM EDTA,endosome lumen and degrading the receptor (and pos-
plus complete protease inhibitors (Boehringer Mannheim), and thensibly bound signaling molecules) within the lysosome
subjected to 12 strokes in an ice-cold Dounce tissue homogenizer.
(Baass et al., 1995). Certain biosynthetic cargo proteins Lysates were divided into two 1 ml aliquots and centrifuged for 5
such as CPS are not completely degraded but proteolyti- min at 500 3 g to remove unbroken spheroplasts. Supernatants
were centrifuged for 10 min at 13,000 3 g at 48C to generate P13cally released from the membrane.
pellets enriched for vacuole, ER, and plasma membranes. ThePhosphoinositide signaling through the production of
13,000 3 g supernatant fractions were centrifuged at 100,000 3 gPtdIns(3)P by the Vps34p PtdIns 3-kinase plays an im-
for 1 hr at 48C in a Beckman TLA100.3 rotor, resulting in S100portant role in protein sorting from the Golgi to the
supernatant fractions containing soluble proteins and P100 pellet
vacuole/lysosome. Our findings point to synthesis of fractions enriched for membranes of the Golgi, endosome, and small
PtdIns(3,5)P2 by Fab1p as a subsequent signaling event transport vesicles. Total proteins in each fraction were precipitated
using rabbit antiserum against ALP (Klionsky and Emr, 1989), CPSin this cascade essential for selective protein sorting
(Cowles et al., 1997b), or GFP. Endoglycosidase H treatment waswithin MVBs. Among .40 known VPS gene products
performed on all CPS samples as previously described (Cowles etaffecting Golgi-to-vacuole transport, class E Vps pro-
al., 1997b).teins represent the best set of candidate factors direct-
ing MVB formation and/or maturation. All 13 class E Vps
Equilibrium Density Gradient Fractionationproteins are required for lumenal sorting of cargo, and
Twenty A600 units of wild-type and pep4D prb1D cells were grownno lumenal vesicles are seen in class E vps mutant cells.
and harvested as described above and then resuspended in 100Future studies should define the specific biochemical
mM Tris (pH 7.5), 10 mM dithiothreitol. After 10 min at room tempera-
role of class E VPS gene products and provide a molecu- ture, cells were harvested and then resuspended in SD medium
lar link between the function of class E Vps proteins and containing 1 M sorbitol, 20 mM Tris (pH 7.5), plus 200 mg Zymolyase
100-T, and shaken at 308C for 30 min. Spheroplasts were harvested,PtdIns(3,5)P2 signaling in the MVB pathway.
lysed, and cleared as described above, except the total volume of
lysate was 1 ml. Cleared lysates were then loaded at the top of
Experimental Procedures identical gradients and centrifuged to equilibrium in a Beckman
SW41 rotor for 18 hr at 170,000 3 g at 48C. Gradient solutions
Plasmid Constructions and Yeast Strains were prepared in lysis buffer described above and gradients were
GFP-CPS was constructed by PCR amplification from genomic DNA generated with the following wt/vol amounts of Accudenz (Accurate
using primers GO23p and GO30p to generate a 2.0 kb fragment Chemical and Scientific Corp.): 1 ml 43%, 1 ml 37%, 1 ml 31%, 1.5
with a KpnI site at the start of the CPS coding region. This fragment ml 27%, 1.5 ml 23%, 1.5 ml 20%, 1 ml 17%, 1 ml 13%, and 1 ml
was subcloned into pCRII (Invitrogen) and then excised as a KpnI 8%. Following centrifugation, 14 fractions were collected from the
fragment and ligated with pGOGFP426 or pGOGFP424 (Cowles et top. Total proteins from each fraction were precipitated in 10%
al., 1997a). GFP-DPAP B was constructed by PCR amplification trichloroacetic acid, reprecipitated twice in acetone, and then soni-
from genomic DNA using primers GO43p and GO44p to generate a cated into sample buffer and resolved on 8% SDS±polyacrylamide
2.7 kb fragment with a HindIII site at the start of the DPAP B coding gels. Proteins were subsequently transferred to nitrocellulose and
region. This fragment was subcloned into pCRII and then excised probed using rabbit antiserum against CPS or using mouse mono-
as a HindIII fragment and ligated into pGOGFP426. GFP-A*CPS was clonal antibodies against ALP or Vph1p (Molecular Probes). Relative
constructed by gene splicing by overlap extension (see Cowles et amounts of protein detected in each fraction were quantitated using
al., 1997b) using the outside primers GO25p and GO30p and the NIH Image 1.59.
inside overlapping primers A1-1639 and A1-16C59 in amplifications
of ALP and CPS from genomic DNA. Full-length A*CPS PCR frag-
ment was subcloned into pCRII and then excised as a KpnI fragment Microscopy
For fluorescence microscopy, cells expressing GFP fusion proteinsand ligated with pGOGFP426. STE2-GFP in pRS314 was isolated
as a KpnI±SacI fragment and ligated into pRS424 or pRS426. were labeled with FM 4-64 at 308C as described (Vida and Emr,
1995). GFP and FM 4-64 fluorescence was visualized using a NikonThe following yeast strains were used: SEY6210 (MATa leu2-3,112
ura3-52 his3-D200 trp1-D901 lys2-D801 suc2-D9 [Robinson et al., Microphot-SA fluorescence microscope. Images were acquired us-
ing a CCD camera and integrator box (Colorado Video, Inc.) and an1988]); SEY6210.1 (SEY6210 MATa [Babst et al., 1997]); GOY3
(SEY6210; apm3D::HIS3 [Cowles et al., 1997a]); MBY3 (SEY6210; LG-3 Frame Grabber (Scion Corp.) using NIH Image 1.59. GFP and
FM 4-64 images were merged using Adobe Photoshop 4.0 (Adobevps4D::TRP1 [Babst et al., 1997]); MBY4 (SEY6210.1 vps4D::TRP1
[Babst et al., 1997]); MBY21 (SEY6210; vps27D::HIS3 [this study]); Systems, Inc.).
Electron microscopy on fixed and frozen yeast cells was per-EEY16 (SEY6210.1; vps27D::HIS3 [this study]); KMY1004a (SEY6210;
vma4D::URA3 [Morano and Klionsky, 1994]); fab1D2 (SEY6210; formed essentially as described (Rieder et al., 1996). For immuno-
labeling, vma4D cells expressing GFP-CPS or GFP-ALP were grownfab1D::HIS3 [Gary et al., 1998]). pep4D prb1D was constructed by
transformation of TVY614 (SEY6210; pep4D::LEU2 prb1D::HISG logarithmically and then harvested at 500 3 g and fixed for 18±24
hr in 3% formaldehyde dissolved in PBS (pH 7.4). The cells wereprc1D::HIS3 [Wurmser and Emr, 1998]) with pSEY10 (PRC1 CEN
URA3). then dispersed in 1% agarose, which was trimmed into mm3 blocks
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and cryoprotected in 2.3 M sucrose containing 25% polyvinylpyrolli- Phosphoinositides as regulators in membrane traffic. Science 271,
1533±1539.done (10,000 D) and frozen into cryopins in liquid nitrogen. Ultrathin
cryosections were cut on a Reichert Ultracut E (Leica) equipped Dove, S.K., Cooke, F.T., Douglas, M.R., Sayers, L.G., Parker, P.J.,
with an FC4 cryostage and were collected onto 300 mesh formvar and Michell, R.H. (1997). Osmotic stress activates phosphatidylino-
carbon-coated grids and immunolabeled as described (Rieder et sitol-3,5-bisphosphate synthesis. Nature 390, 187±192.
al., 1996). Sections were adsorption stained/embedded with 3.2% Felder, S., Miller, K., Moehren, G., Ullrich, A., Schlessinger, J., and
polyvinyl alcohol, 0.2% methyl cellulose (400 centiposes), and 0.1% Hopkins, C. R. (1990). Kinase activity controls the sorting of the
uranyl acetate contained in water. Polyclonal anti-GFP antibodies epidermal growth factor receptor within the multivesicular body.
coupled to 5 nm colloidal gold were used to visualize GFP-CPS Cell 61, 623±634.
and GFP-ALP. Labeling was quantitated by counting gold clearly
Futter, C.E., Pearse, A., Hewlett, L.J., and Hopkins, C.R. (1996).localized either on membrane vesicles within the lumen or on the
Multivesicular endosomes containing internalized EGF-EGF recep-limiting vacuolar membrane, with .40 cell sections examined and
tor complexes mature and then fuse directly with lysosomes. J. Cell
.750 gold particles counted.
Biol. 132, 1011±1023.
Gary, J.D., Wurmser, A.E., Bonangelino, C.J., Weisman, L.S., and
Acknowledgments Emr, S. D. (1998). Fab1p is essential for PtdIns(3)P 5-kinase activity
and the maintenance of vacuolar size and membrane homeostasis.
We thank J. Michael McCaffery for immunoelectron microscopy J. Cell Biol. 143, 65±79.
analysis (Core B headed by M. Farquhar of Program Project grant Gaullier, J.-M., Simonsen, A., D'Arrigo, A., Aasland, R., and Sten-
CA 58689); Chris Stefan and Ken Blumer for providing STE2-GFP; mark, H. (1998). FYVE finger proteins are potential effectors of phos-
Charles Zuker for anti-GFP antiserum; Chris Cowles for construction phatidylinositol 3-phosphate. Nature 394, 432±433.
of A*CPS; and Chris Meyers for construction of GFP-DPAP B. We
Gruenberg, J., and Maxfield, F.R. (1995). Membrane transport in the
would also like to thank Jon Gary, Andrew Wurmser, Chris Burd, endocytic pathway. Curr. Opin. Cell Biol. 7, 552±563.
and Chris Stefan for helpful discussions. This work was supported
Gruenberg, J., Griffiths, G., and Howell, K.E. (1989). Characterizationby a grant from the NIH (CA 58689 to S. D. E.), a fellowship from
of the early endosome and putative endocytic carrier vesicles inthe American Cancer Society (G. O.), and a fellowship from the
vivo and with an assay of vesicle fusion in vitro. J. Cell Biol. 108,Human Frontiers Science Program (M. B.). S. D. E. is supported as
1301±1316.an Investigator of the Howard Hughes Medical Institute.
Herman, P.K., Stack, J.H., and Emr, S.D. (1991). A genetic and struc-
tural analysis of the yeast Vps15 protein kinaseÐevidence for a
Received September 8, 1998; revised October 26, 1998. direct role of Vps15p in vacuolar protein delivery. EMBO J. 10, 4049±
4060.
Hicke, L. (1997). Ubiquitin-dependent internalization and down-reg-References
ulation of plasma membrane proteins. FASEB J. 11, 1215±1226.
Joly, M., Kazlauskas, A., and Corvera, S. (1995). PhosphatidylinositolBaass, P.C., Di Guglielmo, G.M., Authier, F., Posner, B.I., and Ber-
3-kinase activity is required at a postendocytic step in platelet-geron, J.J.M. (1995). Compartmentalized signal transduction by re-
derived growth factor receptor trafficking. J. Biol. Chem. 270, 13225±ceptor tyrosine kinases. Trends Cell Biol. 5, 465±470.
13230.
Babst, M., Sato, T.K., Banta, L.M., and Emr, S.D. (1997). Endosomal
Klionsky, D.J., and Emr, S.D. (1989). Membrane protein sorting: bio-transport function in yeast requires a novel AAA-type ATPase,
synthesis, transport and processing of yeast vacuolar alkaline phos-Vps4p. EMBO J. 16, 1820±1831.
phatase. EMBO J. 8, 2241±2250.
Babst, M., Wendland, B., Estepa, E.J., and Emr, S.D. (1998). The
Kobayashi, T., Stang, E., Fang, K.S., de Moerloose, P., Parton, R.G.,Vps4p AAA ATPase regulates membrane association of a Vps pro-
and Gruenberg, J. (1998). A lipid associated with the antiphospho-tein complex required for normal endosome function. EMBO J. 17,
lipid syndrome regulates endosome structure and function. Nature2982±2993.
392, 193±197.
Bankaitis, V.A., Johnson, L.M., and Emr, S.D. (1986). Isolation of
Li, L., and Cohen, S.N. (1996). tsg101: a novel tumor susceptibilityyeast mutants defective in protein targeting to the vacuole. Proc.
gene isolated by controlled homozygous functional knockout ofNatl. Acad. Sci. USA 83, 9075±9079.
allelic loci in mammalian cells. Cell 85, 319±329.
Brown, W.J., DeWald, D.B., Emr, S.D., Plutner, H., and Balch, W.E.
Luo, W.J., and Chang, A. (1997). Novel genes involved in endosomal
(1995). Role for phosphatidylinositol 3-kinase in the sorting and
traffic in yeast revealed by suppression of a targeting-defective
transport of newly synthesized lysosomal enzymes in mammalian
plasma membrane ATPase mutant. J. Cell Biol. 138, 731±746.
cells. J. Cell Biol. 130, 781±796.
Morano, K.A., and Klionsky, D.J. (1994). Differential effects of com-
Burd, C.G., and Emr, S.D. (1998). Phosphatidylinositol(3)-phosphate partment deacidification on the targeting of membrane and soluble
signaling mediated by specific binding to RING FYVE domains. Mol. proteins to the vacuole in yeast. J. Cell Sci. 107, 2813±2824.
Cell 2, 157±162.
OrmoÈ , M., Cubitt, A.B., Kallio, K., Gross, L.A., Tsien, R.Y., and Rem-
Cowles, C.R., Odorizzi, G., Payne, G.S., and Emr, S.D. (1997a). The ington, S.J. (1996). Crystal structure of the Aequorea victoria green
AP-3 adaptor complex is essential for cargo-selective transport to fluorescent protein. Science 273, 1392±1395.
the yeast vacuole. Cell 91, 109±118.
Palade, G. (1975). Intracellular aspects of the process of protein
Cowles, C.R., Snyder, W.B., Burd, C.G., and Emr, S.D. (1997b). Novel synthesis. Science 189, 347±358.
Golgi to vacuole delivery pathway in yeast: identification of a sorting
Patki, V., Lawe, D.D., Corvera, S., Virbasius, J.V., and Chawla, A.
determinant and required transport component. EMBO J. 16, 2769±
(1998). A functional PtdIns(3)P-binding motif. Nature 394, 433±434.
2782.
Piper, R.C., Cooper, A.A., Yang, H., and Stevens, T.H. (1995). VPS27
Darsow, T., Rieder, S.E., and Emr, S.D. (1997). A multispecificity controls vacuolar and endocytic traffic through a prevacuolar com-
syntaxin homologue, Vam3p, essential for autophagic and biosyn- partment in Saccharomyces cerevisiae. J. Cell Biol. 131, 603±617.
thetic protein transport to the vacuole. J. Cell Biol. 138, 517±529.
Piper, R.C., Bryant, N.J., and Stevens, T.H. (1997). The membrane
Davidson, H.W. (1995). Wortmannin causes mistargeting of proca- protein alkaline phosphatase is delivered to the vacuole by a route
thepsin D. The involvement of a phosphatidylinositol 3-kinase in that is distinct from the VPS-dependent pathway. J. Cell Biol. 138,
vesicular transport to lysosomes. J. Cell Biol. 130, 797±805. 531±545.
Davis, N.G., Horecka, J.L., and Sprague, G.F. (1993). Cis-acting and Raymond, C.K., Howald-Stevendon, I., Vater, C.A., and Stevens, T.H.
trans-acting functions required for endocytosis of the yeast phero- (1992). Morphological classification of the yeast vacuolar protein
mone receptors. J. Cell Biol. 122, 53±65. sorting mutants: evidence for a prevacuolar compartment in class
E vps mutants. Mol. Biol. Cell 3, 1389±1402.De Camilli, P., Emr, S.D., Mc Pherson, P.S., and Novick, P. (1996).
Cell
858
Rieder, S.E., and Emr, S.D. (1997). A novel RING finger protein com-
plex essential for a late step in protein transport to the yeast vacuole.
Mol. Biol. Cell 8, 2307±2327.
Rieder, S.E., Banta, L.M., KoÈ hrer, K., McCaffery, J.M., and Emr, S.D.
(1996). Multilamellar endosome-like compartment accumulates in
the yeast vps28 vacuolar protein sorting mutant. Mol. Biol. Cell 7,
985±999.
Robinson, J.S., Klionsky, D.J., Banta, L.M., and Emr, S.D. (1988).
Protein sorting in Saccharomyces cerevisiae: isolation of mutants
defective in the delivery and processing of multiple vacuolar hy-
drolases. Mol. Cell. Biol. 8, 4936±4948.
Rothman, J.H., and Stevens, T.H. (1986). Protein sorting in yeast:
mutants defective in vacuole biogenesis mislocalize vacuolar pro-
teins into the late secretory pathway. Cell 47, 1041±1051.
Rothman, J.H., Howald, I., and Stevens, T.H. (1989). Characterization
of genes required for protein sorting and vacuolar function in the
yeast Saccharomyces cerevisiae. EMBO J. 8, 2057±2065.
Sato, T.K., Darsow, T., and Emr, S.D. (1998). Vam7p, a SNAP-25-
like molecule, and vam3p, a syntaxin homolog, function together in
yeast vacuolar protein trafficking. Mol. Cell. Biol. 18, 5308±5319.
Schu, P.V., Takegawa, K., Fry, M.J., Stack, J.H., Waterfield, M.D.,
and Emr, S.D. (1993). Phosphatidylinositol 3-kinase encoded by
yeast VPS34 gene essential for protein sorting. Science 260, 88±91.
Spormann, D.O., Heim, J., and Wolf, D.H. (1992). Biogenesis of the
yeast vacuole (lysosome)Ðthe precursor forms of the soluble hy-
drolase carboxypeptidase yscS are associated with the vacuolar
membrane. J. Biol. Chem. 267, 8021±8029.
Sprague, G.F., and Thorner, J.W. (1992). Pheromone response and
signal transduction during the mating process of Saccharomyces
cerevisiae. In The Molecular and Cellular Biology of the Yeast Sac-
charomyces, E.W. Jones, J.R. Pringle, and J.R. Broach, eds.
(Plainview, New York: Cold Spring Harbor Laboratory Press), pp.
657±744.
Stack, J.H., Dewald, D.B., Takegawa, K., and Emr, S.D. (1995). Vesi-
cle-mediated protein transport: regulatory interactions between the
Vps15 protein kinase and the Vps34 PtdIns 3-kinase essential for
protein sorting to the vacuole in yeast. J. Cell Biol. 129, 321±334.
Stepp, J.D., Huang, K., and Lemmon, S.K. (1997). The yeast adaptor
protein complex, AP-3, is essential for the efficient delivery of alka-
line phosphatase by the alternate pathway to the vacuole. J. Cell
Biol. 139, 1761±1774.
Stoorvogel, W., Strous, G.J., Geuze, H.J., Oorschot, V., and
Schwartz, A.L. (1991). Late endosomes derive from early endosomes
by maturation. Cell 65, 417±427.
Toker, A., and Cantley, L.C. (1997). Signalling through the lipid prod-
ucts of phosphoinositide-3-OH kinase. Nature 387, 673±676.
van Deurs, B., Holm, P.K., Kayser, L., Sandvig, K., and Hansen, S.H.
(1993). Multivesicular bodies in HEp-2 cells are maturing endo-
somes. Eur. J. Cell Biol. 61, 208±224.
Vida, T.A., and Emr, S.D. (1995). A new vital stain for visualizing
vacuolar membrane dynamics and endocytosis in yeast. J. Cell Biol.
128, 779±792.
Vowels, J.J., and Payne, G.S. (1998). A dileucine-like sorting signal
directs transport into an AP-3-dependent, clathrin-independent
pathway to the yeast vacuole. EMBO J. 17, 2482±2493.
Whiteford, C.C., Brearley, C.A., and Ulug, E.T. (1997). Phosphatidyl-
inositol 3,5-bisphosphate defines a novel PI 3-kinase pathway in
resting mouse fibroblasts. Biochem. J. 323, 597±601.
Wurmser, A.E., and Emr, S.D. (1998). Phosphoinositide signaling
and turnover: PtdIns(3)P, a regulator of membrane traffic, is trans-
ported to the vacuole and degraded by a process that requires
lumenal vacuolar hydrolase activities. EMBO J. 17, 4930±4942.
Yamamoto, A., DeWald, D.B., Boronenkov, I.V., Anderson, R.A., Emr,
S.D., and Koshland, D. (1995). Novel PI(4)P 5-kinase homologue,
Fab1p, essential for normal vacuole function and morphology in
yeast. Mol. Biol. Cell 6, 525±539.
